Abstract. Lunar Prospector neutron spectrometer data have been used to map the global surface distribution of the incompatible rare earth elements gadolinium and samarium from the lowaltitude (30±15 km) mapping orbit. These results afford improved surface resolution and 
Introduction
It is believed that the Moon was born hot, the result of accretion of ejecta from a collision between the proto-Earth and a Mars-size body [Hartmann and Davis, 1975; Cameron and Ward, 1976] . The heat of formation resulted in a "magma ocean", a thoroughly molten outer layer as much as several hundreds of kilometers thick [Warren, 1985, and references therein] . As the
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Moon cooled, crystallizing minerals either rose, sank, or remained in place depending on their density relative to the residual melt. Mafic minerals such as pyroxene and olivine formed the mantle, while light, aluminous silicates such as plagioclase feldspar floated to form the crust. As cooling and differentiation continued, the residual melt between the crust and mantle became increasingly enriched in incompatible elements, which do not readily fit into the crystal lattices of major silicate minerals. Crystallization of the final melt resulted in KREEP, materials enriched in these incompatible elements and named for potassium (K), rare earth elements (REE), and phosphorus (P) [Hubbard et al., 1971; Warren and Wasson, 1979] From lunar orbit, it is possible to infer the surface distribution of KREEP by measuring the abundance of thorium, a radioactive incompatible element highly correlated with REEs and potassium. Though limited in coverage, the Apollo gamma ray spectrometer (GRS) data hinted at a relative enrichment of KREEP in certain regions of the nearside, though farside highs near Van de Graff were also seen [Metzger et al., 1977] . Recently, Lunar Prospector GRS observations of the entire Moon have revealed that the nearside Th-rich province is centered on Mare Imbrium; there is a much smaller secondary maximum near the Imbrium antipode on the northwestern ramparts of the South Pole-Aitken Basin Lawrence et al., 1999] . The high Th abundances in and around Mare Imbrium, and the contrasting relative LAUR-99-4604 paucity on the farside indicate a major hemispheric asymmetry in the composition of lower crust/upper mantle rocks. This result, in turn, suggests that early lunar differentiation must have been highly nonuniform throughout the Moon.
Lunar Prospector neutron spectrometer observations also suggest a similar surface distribution of REEs ]. The thermal neutron flux is lowest over the maria, due in large part to enhanced absorption by Fe and Ti, elements with large cross sections for thermal neutron capture. When corrected for the inferred abundance of Fe and Ti, based on spectral reflectance data from Clementine [Blewett et al., 1997; Lucey et al., 1998 ], the neutron data show residuals with anomalous absorption in the same regions as abundant Th. The residuals were ascribed to the presence of isotopes of gadolinium and samarium, rare earth elements that correlate well with other incompatible elements in the returned lunar samples. Thus, it is possible to obtain REE abundances using neutron spectrometer data provided the effects due to Fe and Ti can be removed.
In this paper we analyze neutron spectrometer data from the recent low-altitude phase (30±15 km) of the Lunar Prospector mission, which promises roughly three times better surface resolution than the earlier work. Like the approach of Elphic et al. [1998] , we use the results of the analysis of Clementine spectral reflectance (CSR) data [Lucey et al., 1998; Blewett et al., 1997] which provides weight abundance estimates of FeO and TiO 2 . The FeO and TiO 2 abundances in turn allow us to estimate the effect of Fe and Ti on thermal neutron spectrometer flux data, and remove it. The residual is then primarily due to Gd and Sm, which we map on the lunar surface to compare with the geological context. We can check agreement with the GRS Th map, and potentially come full circle and infer modifications to the FeO and TiO 2 abundances from CSR.
LP Neutron Data

Neutron Creation, Moderation, and Absorption
Neutrons are created within the lunar regolith through the impact of galactic cosmic rays that have typical energies of 1 GeV. The cosmic rays shatter the target nuclei into spallation products, including nucleons and larger nuclear fragments. This process forms a population of high-energy ("fast") neutrons, with characteristic energies between 1 and 8 MeV. Fast neutrons reflect the composition of the target materials: iron-rich mare basalt soils yield relatively more fast neutrons than iron-poor anorthosites Maurice et al., 2000] . Fast neutrons interact with nuclei and lose energy through inelastic scattering. Below roughly 0.5
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MeV ("epithermal" energies) the neutron flux tends to be relatively constant for different compositions, because even though iron-rich materials produce more fast neutrons, iron is also effective in down-scattering neutron energy. Thus the moderation process approximately offsets fast neutron production for the compositions of most lunar rocks and soils. For most major elements, the cross section for absorbing neutrons varies inversely as the neutron's speed. As moderation reduces the energy of epithermal neutrons toward the thermal range (< 0.3 eV), the cross section for absorption by nuclei increases. The absorption process for thermal neutrons is very composition dependent, because the thermal absorption cross section, σ a , of certain elements such as iron and titanium is large, while for others it is small. Consequently, thermal neutron absorption is greater in mafic materials such as mare basalts than in iron-poor highlands rocks and soils. (However, calcium can also be a non-negligible absorber in plagioclase-rich materials).
These effects are illustrated in Figure 1 , which shows simulated neutron flux spectra with energy for four distinct lunar compositions: a ferroan anorthosite, a KREEP basalt, the same KREEP basalt major element chemistry but lacking REEs, and a high-Ti mare basalt from Apollo 17 [cf. Feldman et al., 2000] . The anorthositic composition is low in Fe, Ti or other strong absorber; consequently the flux of thermal neutrons is high. The KREEP basalt-like composition lacking REEs is considerably more mafic, and increased neutron absorption by Fe is evident below about 0.3 eV. The KREEP basalt with REEs shows an additional effect due to the presence of Gd and Sm, as described above. Finally, the high-Ti mare basalt shows the greatest absorption of all, due to the combined effect of abundant Fe and Ti. In contrast, note that the epithermal neutron fluxes are all approximately comparable, despite the disparate compositions.
A companion paper discusses neutron genesis, moderation, and absorption in much greater detail [Feldman, et al., 2000a] .
The Lunar Prospector neutron spectrometer consists of two detectors [Feldman et al., 1999] . [1998a] for high-altitude data, the thermal neutron map shows low fluxes over the nearside and farside maria, as well as over South Pole-Aitken (SPA) basin, Mare Australe region, the SchillerSchickard region southwest of Mare Humorum, Tsiolkovsky, and the Mendel-Rydberg basin.
Note also the local high in thermal neutron flux over Copernicus, as well as a broad high over the highlands north of SPA. The epithermal neutron map reflects many of the features of the thermal neutron map, but with far less dynamic range. Lower fluxes over the maria and SPA are apparent, as is the case with the thermal neutron flux, but the detailed structure of the lows in the western maria is different. In fact, the epithermal flux map already provides a hint of the REE absorption contributions that will emerge more clearly later. Lows at the north and south poles are also evident; these have been linked to the presence of hydrogen in polar shadowed regions [Feldman et al., 1998b; 2000b] . The regional variations in the epithermal flux are much smaller (~10%) than those in the thermal flux (~ factor of 3), consistent with the comparative insensitivity of epithermal neutrons to composition (cf. Figure 1 ).
If Figure 1 demonstrates the importance of composition on thermal neutron flux, Figures 2a and b clearly suggest that we can obtain composition information from the neutron measurements. To do so we must understand the quantitative relationship between neutron fluxes and the scattering and absorbing character of the lunar regolith for different compositions.
The Macroscopic Absorption Cross Section, eff
Simulations of neutron transport and absorption have shown that there is a monotonic relationship between a material's ability to absorb thermal neutrons and the ratio of epithermal neutron flux to thermal neutron flux [Feldman et al., 1991; see also Feldman et al., 2000a] . This can be characterized by a material's macroscopic absorption cross section, eff , the weighted sum of all constituents' ability to absorb thermal neutrons:
where ai is the thermal neutron absorption cross section, f i is the weight fraction, A i is the atomic mass of constituent i, and N A is Avogadro's number.
LAUR-99-4604 Table 1 shows the contributions of various elements to the total macroscopic absorption cross section for bulk regolith compositions from all Apollo landing sites, the Luna 16, 20, and 24 landing sites, and a ferroan anorthosite. Fe and Ti are the most important major element contributors to absorption in the mare soils; Fe is also the chief absorber (despite its low abundance) in the Apollo 16 highlands soil, but Ca is almost as important. Si, Al and the other major elements play a lesser, but non-negligible role in thermal neutron absorption.
The rare earth trace elements gadolinium and samarium have anomalously high cross sections for absorption of thermal neutrons [Lingenfelter et al., 1972] . The isotopes 155 Gd, 157 Gd (14.7% and 15.7% of all Gd, respectively), and 149 Sm (13.8% of all Sm) have nuclear resonances which effectively increase the thermal neutron absorption cross sections, 58,000, 240,000 and 40,800 barns, respectively at 0.0253 eV (1 barn = 10 -28 m 2 ) [Lingenfelter et al., 1972] . In KREEP-rich materials the combined absorptive effect can be large even though these are trace elements. Consequently, the effects of these REEs are disproportionate to their low chemical abundances. Gadolinium and samarium can significantly affect eff in regions where they are relatively abundant (> 5 µg/g, see Table 1 ). Gd and Sm are most abundant in KREEP, along with other incompatible elements Th, K, and U. In the Apollo 14 soil the Gd and Sm contribution to neutron absorption is large fraction of the total from all other elements and increases eff from 50.8x10 -4 to 79.4x10 -4 cm 2 /g [Feldman et al., 1991] . For comparison, Sm
and Gd contribute about 14% to the Apollo 11 mare eff value in Table 1 .
The linear approximation to the monotonic relation from Feldman et al. [1999] is:
where ƒ epi and ƒ thermal are the measured epithermal and thermal neutron fluxes, respectively. This relationship comes from simulations of neutron transport in a wide variety of regolith compositions, and appears to hold when the observed values of ƒ epi /ƒ thermal are compared to eff , based on known composition from returned samples. The ƒ epi /ƒ thermal flux ratios used by Feldman et al. [1999] correspond to the actual responses of the LP NS detectors.
As discussed above and in Elphic et al. [1998] , the thermal neutron absorption is due to the combined effect of all absorbers in the regolith, but primarily Fe, Ti, Gd and Sm. Because the Fe and Ti abundances vary so widely between highlands and maria, and even between mare basalts, we must take this variation into account and remove it in order to expose the effects of the REEs.
The LP GRS results for Fe and Ti are in a preliminary state, so we will not use those data here.
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Instead, we will exploit the near-global FeO and TiO 2 content inferred from Clementine spectral reflectance (CSR) data [Blewett et al., 1997; Lucey et al., 1998 ]. We construct an estimated value of Σ eff based on the weight fraction of FeO and TiO 2 from the CSR data, and include an approximate contribution due to Ca as well as a constant background absorption due to all other species.
Clementine-Derived FeO and TiO 2 : Estimating eff
The spectral reflectance techniques make use of an infrared absorption feature due to pyroxene and olivine to determine iron content, and a visible wavelength spectral slope due to opaque phases in the regolith to infer titanium abundance. The dominant opaque in the lunar samples is ilmenite, FeTiO 3 . There is a correlation between TiO 2 abundance and the spectral opaque parameter in the returned samples, so this provides the means of determining titanium [Lucey et al., 1995; Blewett et al., 1997] . From these data it has been possible to infer the quantitative abundance of FeO and TiO 2 within ±70˚ latitude at resolutions approaching 100 m. These data were calibrated using lunar samples returned from a relatively small portion of the lunar nearside. Areas distant from the landing sites, such as the farside, might have different mineralogies -hence the inferred FeO and TiO 2 values might be less accurate. We use 0.5º resolution base maps of FeO and TiO 2 .
We use the foregoing CSR-inferred FeO and TiO 2 abundance maps to construct an estimated Σ eff . We exploit an empirical anticorrelation between FeO and CaO found in returned samples.
This anticorrelation is principally due to variations in the abundance of the common lunar mineral anorthite plagioclase which is Ca-rich and Fe-poor. At higher FeO contents where the correlation flattens, the rock types are typically mare basalts which, while containing less plagioclase, contain other Ca-bearing minerals, particularly clinopyroxenes [Haskin and Warren, 1991 
If our estimate of major-element Σ eff (no REEs) is accurate, then deviations from the ideal relationship in (2) should relate to additional absorbers, namely gadolinium and samarium.
We smooth the maps of Σ eff (no REEs) with the approximate surface footprint of the LP neutron spectrometer in order to compare properly with the LP results. From the 30-km mapping orbit, the thermal neutron footprint has a full-width at half-maximum of about 110 km; the epithermal footprint is ~55 km at FWHM. We approximate the neutron spectrometer response footprints with gaussians of the same FWHM. The uncertainties in the CSR abundances are roughly ±1 -2 wt% for FeO and perhaps somewhat larger for TiO 2 [Lucey et al., 1998 ]. The spread in values of CaO wt% about the model in (3a) and (3b) based on returned samples is roughly ±2 wt%. These uncertainties lead to a conservative overall rms uncertainty in estimated Also shown is a gray line denoting the relationship of (2). If CSR estimates of FeO and TiO 2 (and inferred CaO abundances from the model of (3a) and (3b) Table   1 , we presume that the scatter below the ideal line is primarily due to additional neutron absorption from Gd and Sm. The difference, or ∆Σ eff illustrated in Figure 4 , is then the additional neutron absorption required to account for the observed neutron flux:
Since we know the effective thermal absorption cross sections of Gd and Sm, we can estimate how much of these elements is needed to give ∆Σ eff . We note in passing that there are points above the ideal line of (3) in Figure 4 . From (5), these yield negative values of ∆Σ eff , and correspond to overestimates of Σ eff . In other words, we have additional information here that may help constrain the abundances of iron and titanium. This will be discussed in detail later. 
Distribution of REEs
If [Haskin and Warren, 1991; Lawrence et al., 1999; Korotev, 2000] . due to Sm and Gd at this location. The magnitude of this effect in ∆Σ eff corresponds to roughly 10 ± 5 µg/g of Sm and 12 ± 6 µg/g of Gd. These Th/REE ratios, together with low FeO, are consistent with a sizable region of alkali anorthosite composition, similar to 14047c [Warren et al., 1983] . If the Th measurements were instead due to a small, unresolved patch of lunar "granite", such as 14321c, the REE levels would be too low for detection by the NS.
Consequently the neutron spectrometer data favor an alkali anorthosite composition for the Compton-Belkovitch highlands anomaly.
Constraining FeO and TiO 2
In returned samples, high concentrations of incompatible elements are highly correlated. For example, in highland rocks, the correlation coefficient between Th and Sm is 0.99. Gd and Sm have a 0.998 correlation coefficient. Therefore we would expect a very good correlation between our inferred Sm abundances and Th abundances from the LP GRS. In Figure 9 , we show a scatter plot of ∆Σ eff versus Th abundance, as inferred from the LP gamma ray spectrometer [Lawrence et al., 1999] . Also shown are green filled squares of measured Th abundance and the ∆Σ eff corresponding to measured Gd and Sm abundances in selected KREEP samples from Korotev [2000] , and a line denoting the trend for data described by Taylor et al.
[1991]: KREEP basalts 15382 and 15386, quartz monzodiorite clast in 15405, basalt clasts in breccia 72275, average high-K KREEP from polymict breccias, and very high alumina polymict melt breccia 61156. There is a wide variation about an expected positive trend, especially for Th abundances between 1 and 5 µg/g. We have also color-coded two subsets: one for TiO 2 concentrations less than 1 wt%, and another for TiO 2 concentrations above 8 wt%. The lowTiO 2 subset should delineate the relationship between the REEs (as ∆Σ eff ) and Th, and indeed a clear positive correlation emerges between ∆Σ eff and Th abundance for this subset. However, the trend falls below that expected based on sample analysis, probably due to equation (2) not being quite the right relationship for the epithermal and thermal neutron measurements. The stillsizable scatter at low Th concentrations is likely to be partly due to the breakdown in REE-Th correlations in, for example, mare basalts [Haskin and Warren, 1991] . However, it is also clear that many of the negative ∆Σ eff values correspond to high concentrations of Ti and Fe, as inferred from Clementine spectral reflectance. We suspect that points to the left of the blue, low-Ti trend have smaller values of estimated ∆Σ eff due to overestimates in TiO 2 and FeO abundance, which corresponds to an overestimate of Σ eff from (1).
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We can examine this question in another way. Figure 10 plots ∆Σ eff versus CSR-derived TiO 2 abundance, with ∆Σ eff now in units of the TiO 2 weight percent needed to give the observed value of ∆Σ eff . Once again there is considerable scatter, partly due to the offsetting effects of positive absorption due to Gd and Sm, and apparent overestimates of TiO 2 abundance. To help distinguish these competing effects, we make a subset of points, selected for Th < 2 µg/g so that the contributions of Gd and Sm should be small, less than the equivalent of 2 wt% of TiO 2 . This subset reveals that there is a systematic negative trend of ∆Σ eff (in equivalent TiO 2 wt%) with CSR-derived TiO 2 abundance. In other words, these data suggest that some of the CSR TiO 2 (and possibly FeO) abundance values have been overestimated; the magnitude of this effect is equivalent to about a -5 wt% correction for an estimated 10 wt% and above of TiO 2 .
The focus here is on CSR-derived TiO 2 to explain these effects because titanium's absorption cross section is more than twice that of iron, and an order of magnitude greater than that of calcium (see Table 1 ). But there may be a significant contribution due to overestimates in FeO as well. A preliminary comparison of CSR FeO and Lunar Prospector GRS FeO suggests that the CSR FeO values may also be too high in some locations [Lawrence et al., 1999a] , by as much as 3 or 4 wt% within some of the nearside maria. A 4 wt% overestimate in FeO would lead to an error in Σ eff of about ~8x10 -4 cm 2 /g; a 4 wt% overestimate in TiO 2 would lead to an error of ~18x10 -4 cm 2 /g in Σ eff . To achieve the magnitude of the ∆Σ eff deficit in Figure 9 with iron alone, errors of greater than 12 wt% in FeO would be required. Such an error seems highly unlikely given the uncertainties of the spectral reflectance technique used to obtain FeO abundance. The results in Figures 9 and 10 suggest that better agreement would be obtained if the CSR FeO abundances in low-Th regions were reduced by 2 -4 wt%, and CSR TiO 2 abundances in these regions were reduced by 3 -5 wt%. This would be a challenge to the results of Blewett et al. [1997] and Lucey et al. [1998a] , who used resolved images of Apollo and Luna sample sites to constrain the inferred TiO 2 abundances with uncertainties no greater than about ±2 wt%. The disagreement would still be present if other spectral techniques were used to infer TiO 2 abundances.
There may be other explanations for the apparent overabundance of TiO 2 that we infer from LP neutron data. It is possible that unknown instrumental effects cause the measured values of the epithermal to thermal neutron flux ratio to differ from the theoretical values of the flux ratio that give us equation (2). In this case the ideal line shown in Figure 4 would not be the correct baseline for determining ∆Σ eff . The adjusted ideal line could be steeper, reducing the negative
values of ∆Σ eff that we interpret as being due to TiO 2 anomalies (thus removing the TiO 2 problem). We doubt that this is the cause of the problem, because such a slope change also increases the positive values of ∆Σ eff that we attribute to Gd and Sm. The resulting higher values of REE abundances are then just as problematic, in the sense that they are much larger than we expect based on measured global Th abundance, and on the Th-REE geochemistry in returned samples. For example, in regions where Th abundance is around 9 µg/g, we would infer a Gd abundance of over 70 µg/g, and a Sm abundance of over 60 µg/g. This is almost a factor of 2 greater than expected based on returned samples of KREEP. While it is possible that the Th-REE correlation found in returned highland samples does not represent the relationship for the bulk lunar surface, such a good correlation is expected on geochemical and petrologic grounds.
We also note that the results of Gasnault et al. [1999] and Maurice et al. [1999] Thus, the TiO 2 implications described in this paper and those described by Maurice et al. [1999] are completely independent, but both reflect an apparent disagreement with TiO 2 abundance estimates obtained through UV/VIS spectral reflectance techniques.
The major assumptions concerning the CSR method of Blewett et al., [1997] and Lucey et al.
[1999] for mapping titanium are that: 1) variations in opaque mineral abundance overwhelmingly dominate variations in the UV/VIS color because of their nature as dark, spectrally neutral absorbers; 2) opaque minerals are the principle carriers of TiO 2 . The empirical nature of the calibration is such that if the abundance of other minerals or soil components with important UV/VIS properties are correlated with either TiO 2 abundance, or soil maturity, the technique will include these color variations in the calibration from spectral parameter to elemental abundance, and at the same time will suppress maturity effects. Blewett et al. [1997] . estimates of farside FeO and the Apollo GRS experiment Fe measurements [Davis, 1980] have been noted [Clark and Mcfadden, 1996; Clark and Basu, 1998; Clark and Mcfadden, this volume] . The Apollo GRS data show strong variations in Fe on the lunar farside not associated with South Pole-Aitken basin. The lack of detection of these variations by the CSR experiment has prompted the suggestion that the Fe variations observed by Apollo are due to variations in the abundance of olivine to which they claim the CSR technique is insensitive. Our results show that the LP neutron spectrometer did not detect the variations in Fe suggested by the Apollo GRS experiment, and so there is no need to invoke "hidden" olivine in the farside highlands.
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